The natural amino acid hypusine (N ⑀ -4-amino-2-hydroxybutyl(lysine)) is derived from the polyamine spermidine, and occurs only in a single family of cellular proteins, eukaryotic translation factor 5A (eIF5A) isoforms. Hypusine is formed by conjugation of the aminobutyl moiety of spermidine to a specific lysine residue of this protein. The posttranslational synthesis of hypusine involves two enzymatic steps, catalyzed by deoxyhypusine synthase (DHPS) and deoxyhypusine hydroxylase (DOHH). Hypusine is essential for eIF5A activity. Inactivation of either the eIF5A or the DHPS gene is lethal in yeast and mouse, underscoring the vital role of eIF5A hypusination in eukaryotic cell growth and animal development. The long and basic side chain of the hypusine residue promotes eIF5A-mediated translation elongation by facilitating peptide bond formation at polyproline stretches and at many other ribosome-pausing sites. It also enhances translation termination by stimulating peptide release. By promoting translation, the hypusine modification of eIF5A provides a key link between polyamines and cell growth regulation. eIF5A has been implicated in several human pathological conditions. Recent genetic data suggest that eIF5A haploinsufficiency or impaired deoxyhypusine synthase activity is associated with neurodevelopmental disorders in humans.
The natural amino acid hypusine (N ⑀ -4-amino-2-hydroxybutyl(lysine)) is derived from the polyamine spermidine, and occurs only in a single family of cellular proteins, eukaryotic translation factor 5A (eIF5A) isoforms. Hypusine is formed by conjugation of the aminobutyl moiety of spermidine to a specific lysine residue of this protein. The posttranslational synthesis of hypusine involves two enzymatic steps, catalyzed by deoxyhypusine synthase (DHPS) and deoxyhypusine hydroxylase (DOHH). Hypusine is essential for eIF5A activity. Inactivation of either the eIF5A or the DHPS gene is lethal in yeast and mouse, underscoring the vital role of eIF5A hypusination in eukaryotic cell growth and animal development. The long and basic side chain of the hypusine residue promotes eIF5A-mediated translation elongation by facilitating peptide bond formation at polyproline stretches and at many other ribosome-pausing sites. It also enhances translation termination by stimulating peptide release. By promoting translation, the hypusine modification of eIF5A provides a key link between polyamines and cell growth regulation. eIF5A has been implicated in several human pathological conditions. Recent genetic data suggest that eIF5A haploinsufficiency or impaired deoxyhypusine synthase activity is associated with neurodevelopmental disorders in humans.
The polyamines, putrescine, spermidine, and spermine, exist as polycations under physiological environments and exert numerous effects on nucleic acids, proteins, phospholipids, and ion channels in living cells and organisms. They are vital for cell proliferation and regulate cellular activities at the transcriptional, translational, and posttranslational levels (for reviews, see Refs. [1] [2] [3] [4] . Thus, the polyamine pathways are intimately associated with cancer (5) . In addition to their functions as polycations, a small portion (Ͻ2%) of the polyamine spermidine is metabolized to form an unusual amino acid, hypusine (N ⑀ -4-amino-2-hydroxybutyl(lysine)), in a single family of cellular proteins, eukaryotic initiation factor 5A isoforms 2 (eIF5A) 3 (6) (Fig. 1, A and B) . Hypusine synthesis occurs posttranslationally in two enzymatic steps (7) . First, deoxyhypusine synthase (DHPS) catalyzes the cleavage of the spermidine and transfer of the 4-aminobutyl moiety to the ⑀-amino group of a specific lysine residue of eIF5A precursor to form a deoxyhypusine (N ⑀ -4-aminobutyl(lysine)) residue (eIF5A(Dhp)) (8, 9) . In the second step, this intermediate is hydroxylated by deoxyhypusine hydroxylase (DOHH) to form hypusine (10, 11) and thus to complete eIF5A maturation. The synthesis of hypusine exclusively in a single cellular protein represents one of the most specific posttranslational modifications known to date. Hypusine/deoxyhypusine is required for the activity of eIF5A and thereby for eukaryotic cell proliferation (12) (13) (14) (15) .
Since the discovery of hypusine in 1971 (16) , it has taken many years to reach the current status of knowledge on the hypusine-containing protein, eIF5A. In this review, we will discuss the history of hypusine research with emphasis on the specificity and mechanism of the hypusine modification enzymes, the role of eIF5A in cell growth and animal development, and its mode of action in translation. EF-P (elongation factor P), the bacterial ortholog of eIF5A, its modification by ␤-lysylation (Fig. 1C ), and its function will also be discussed briefly, in light of the significant structural and functional similarities to eIF5A (17) (18) (19) .
Discovery of hypusine and the hypusine-containing protein
Hypusine (N ⑀ -4-amino-2-hydroxybutyl(lysine)) was first isolated from bovine brain extracts by Shiba et al. in 1971 (16) during their search for new amine components. Its chemical structure was determined, and it was named hypusine based on its relationship to hydroxyputrescine and lysine. Hypusine was found to occur in all animal tissues, as the free amino acid as well as a protein component (20, 21) . Radioactivity was detected in the hypusine fraction isolated from rats injected with radioactive lysine, suggesting that hypusine was derived from lysine (21) . However, no information was available on the nature of the protein(s) containing hypusine, and hypusine was buried in the literature merely as a new biochemical entity for a 2 There exist two or more isoforms of eIF5A, in diverse eukaryotic organisms.
We use eIF5A to represent all of the eIF5A isoforms or the major form (eIF5A-1). 3 The abbreviations used are: eIF5A, eukaryotic translation initiation factor; eIF5A(Lys), eIF5A precursor containing lysine; eIF5A(Dhp), eIF5A intermediate containing deoxyhypusine; DHPS, deoxyhypusine synthase; DOHH, deoxyhypusine hydroxylase; EF-P, bacterial elongation factor P; GC7, N 1 -guanyl-1,7-diaminoheptane; A-tRNA, aminoacyl tRNA; P-tRNA, aminoacyl tRNA; PDB, Protein Data Bank; aa, amino acids; SAM, S-
cro THEMATIC MINIREVIEW decade. The hypusine-containing protein was discovered in our laboratory in 1981 in an experiment designed to identify a cellular substrate protein into which polyamine is incorporated by the transglutaminase reaction (6) . To this end, human lymphocytes were cultured in a medium containing radioactive spermidine, and the radiolabeled protein was analyzed by twodimensional gel electrophoresis. To our surprise, only one specific protein (ϳ18 kDa, pI 5.2) was radiolabeled; the radioactive component of this protein turned out to be hypusine (6), and not a product of a transglutaminase reaction. This protein was later identified as eukaryotic translation initiation factor 4D (eIF-4D; current nomenclature, eIF5A) (22) . We demonstrated that the direct polyamine precursor of hypusine is spermidine and that hypusine is formed posttranslationally, and not as a free amino acid. Thus, free hypusine initially isolated from soluble extracts of animal tissues must have originated from the proteolytic breakdown of eIF5A protein.
eIF5A, aIF5A, and their bacterial ortholog EF-P
Hypusine occurs in all eukaryotes and in certain archaea, but not in eubacteria (for reviews, see Refs. 7, 17, and 23). eIF5A, DHPS, and DOHH are all highly conserved in eukaryotes (23) . is strictly conserved in all eukaryotes, suggesting its importance in the hypusine modification as well as in eIF5A function (24, 25) . eIF5A is one of the few translation factors universally conserved from bacteria to humans (25) . It shares structural and functional analogy with its archaeal homolog, aIF5A (26) and the bacterial ortholog, EF-P (27) . The crystal structures of eIF5A from humans (28) and yeast (PDB
Figure 1. Pathways of polyamines (A), hypusine synthesis (B), and EF-P modification (C).
A, simplified pathway of polyamine interconversion. Putrescine generated from ornithine is converted to spermidine and spermine. B, the posttranslational formation of hypusine in eIF5A by two enzymatic steps catalyzed by DHPS and DOHH. The aminobutyl moiety of spermidine (red) is used for hypusine synthesis at Lys 50 of human eIF5A(Lys). The DHPS reaction is reversible (38) . Model structure of eIF5A is based on the human eIF5A (PDB code 1FH4) (28) with the N-terminal domain I (yellow) containing the hypusine site loop (Ser 45 -Ala 54 ) (orange) and the C-terminal domain II (green). C, EF-P (PDB code 1UEB) (30), the bacterial ortholog of eIF5A, contains domain III, which is similar to domain II and is modified by ␤-lysylation (31) followed by hydroxylation. eIF5A(Hpu), eIF5A final modified form containing hypusine.
THEMATIC MINIREVIEW: Hypusine-containing protein, eIF5A code 3ER0), aIF5A (29) , and EF-P (30) show remarkable resemblance, except that EF-P contains an extra third domain similar to its second domain (Fig. 1C ). eIF5A and aIF5A share the conserved lysine that undergoes deoxyhypusine/hypusine modification. EF-P does not undergo hypusine modification. Instead, some EF-P proteins that contain the lysine residue corresponding to the lysine modified to hypusine in eIF5A are modified by conjugation with ␤-lysine by YjeA (homolog of class II lysyl-tRNA synthetase) and are subsequently hydroxylated by YfcM (31, 32) ( Fig. 1C ). ␤-Lysine is produced from ␣-lysine by YjeK (lysine 2,3-aminomutase). Like the hypusine modification in eIF5A, ␤-lysylation is known to occur in EF-P only and generates a long basic side chain that is important for the factor's activity (33, 34) .
DHPS and DOHH: Mechanism, inhibitors, and specificity
The first evidence that hypusine is formed in two independent enzymatic steps was obtained by the use of iron chelators (35) . In the presence of a metal chelator, ␣,␣-dipyridyl, the unhydroxylated intermediate, deoxyhypusine (N ⑀ -4-aminobutyl(lysine)) was formed in eIF5A. The DHPS reaction is proposed to occur in four steps ( (37) . The involvement of the enzyme imine intermediate was validated by trapping it into a stable adduct using NaBH 3 CN reduction; this active site was identified as Lys 329 (in human DHPS) (36) . If the eIF5A precursor is omitted, DHPS can catalyze an abortive reaction (i.e. spermidine cleavage) to produce 1,3-diaminopropane, ⌬ 1 -pyrroline, and NADH ( Fig. 2 , partial reaction, dotted arrows). Apparently, the DHPS reaction is reversible, as radioactive spermidine can be generated upon incubation of the radiolabeled deoxyhypusine protein with NAD and DHPS (38) . However, there is no evidence of back-conversion of the hypusine-containing eIF5A protein to eIF5A(Lys). DHPS can also catalyze the synthesis of homospermidine from spermidine, using putrescine as an acceptor of butylimine moiety (38) , instead of eIF5A(Lys), although the K m of the human enzyme for putrescine is much higher (ϳ700fold) than that for eIF5A(Lys). Interestingly, a plant enzyme, homospermidine synthase, catalyzes synthesis of homospermidine by the same mechanism, but does not catalyze synthesis of deoxyhypusine (39), suggesting its evolution by DHPS gene duplication and selection of the minor function of this enzyme for plant secondary metabolism. DHPS is a tetrameric enzyme composed of four identical subunits of ϳ40 kDa, and its active sites are located at the interface of dimers ( Fig. 3A) (40, 41) . The crystal structure of the enzyme-NAD complex showed a restricted spermidine binding pocket, contributing to its narrow specificity. The role of each of the conserved amino acid residues of the predicted spermidine-binding pocket was confirmed by alanine substitution (42) . The proposed model of spermidine binding at the active site shows the two terminal amino groups of spermidine, anchored by acidic residues Asp 243 , Asp 316 , and Glu 323 ( Fig. 3B) (23, 42) . Only those com- THEMATIC MINIREVIEW: Hypusine-containing protein, eIF5A pounds with two terminal basic groups spaced by a distance of 7-8 methylenes are effective inhibitors of DHPS. Of many analogs of spermidine tested, N 1 -monoguanyl 1,7-diaminoheptane (GC7) is the most potent inhibitor (43) . It is actively taken up by cells and effectively inhibits eIF5A hypusination intracellularly. Either alone or in combination with other agents, GC7 caused inhibition of growth in various mammalian cells (44 -46) and in an animal tumor model (47) . High-throughput screening is in progress to identify new, specific inhibitors or enhancers of DHPS (48) .
DOHH catalyzes a stereospecific hydroxylation at C2 of the deoxyhypusine side chain. It is a unique nonheme diiron monooxygenase (49) with a superhelical HEAT-repeat structure ( Fig. 3C) (11, 50) . The structure (50) and mechanism of DOHH (51, 52) are distinct from other known protein hydroxylases. DOHH consists of eight tandem repeats of ␣-helical pairs with the diiron center anchored by four strictly conserved His-Glu motifs that are critical for the enzyme activity (11, 49) . Of these, His 56 , His 89 , Glu 90 , His 207 , His 240 , and Glu 241 are involved in the binding of the two irons, whereas Glu 57 and Glu 208 are responsible for the binding of the deoxyhypusine side chain of the protein substrate eIF5A(Dhp) (Fig. 3D) (49, 53) . The enzyme is inhibited by iron chelators, such as ciclopirox olamine or deferiprone, two Food and Drug Administrationapproved antifungal agents. These compounds are also effective against retroviral infections (54), including HIV-1 (55) , and in the inhibition of cancer cell growth (56) . It was suggested that they confer these effects at least partially through inhibition of DOHH (55, 56) .
Both DHPS and DOHH are totally specific for eIF5A and do not modify any other cellular proteins. DHPS and Lia1 (ligand of eIF5A, later identified as DOHH) were identified as two strong eIF5A-binding partners from yeast two-hybrid screening (57) . Formation of high-affinity complexes, between eIF5A and either enzyme, was demonstrated by pulldown assays, native gel electrophoresis, or equilibrium ultracentrifugation. eIF5A and DHPS form a stable complex with a K d Ͻ 0.5 nM (58). However, no crystal structure of the eIF5A-DHPS complex is yet available. To determine the minimum structure of eIF5A required for modification, truncated eIF5A polypeptides were tested as substrates for DHPS and DOHH. When truncated peptides of human eIF5A(Lys) (aa 1-90, 1-80, 1-70, 1-60, 10 -90, 20 -90, 30 -90, 20 -80, and 30 -80) were used as substrates for DHPS, deoxyhypusine was formed in all of the peptides, except aa 1-70, 1-60, and 30 -80, indicating that aa 20 -80 is the minimum size required (59) . When the peptides were used in the combined DHPS and DOHH assay, hypusine formation was detected with aa 1-90, 10 -90, and 20 -90 peptides, but not with aa 1-80, 1-70, and 30 -90, indicating that aa 20 -90 is minimally required to be substrates for both DHPS and DOHH (23, 53) . These findings suggest that the nearly intact domain I of eIF5A is required for its modification by DHPS or DOHH and thereby uncover the structural basis of the extraordinary selectivity of hypusine synthesis in a single protein.
Role of polyamines and eIF5A in eukaryotic translation, cell proliferation, and animal development
A critical role of eIF5A in cell growth regulation was first implied by a drastic increase in the hypusine-containing protein in lymphocytes upon activation with a mitogen (6, 22, 60) . A correlation between hypusine formation and growth was also observed in other mammalian cells, including rat hepatoma tissue culture cells (61) , and in Ras oncogene-transfected NIH3T3 cells (62) .
Gene inactivation studies in the yeast Saccharomyces cerevisiae and in mice provide firm evidence for the essential nature of eIF5A and its deoxyhypusine/hypusine modification in eukaryotic cell growth and animal development. Deletion of both eIF5A genes (14) or a single DHPS gene (64, 65) caused loss of viability in yeast. But a S. cerevisiae strain lacking the DOHH gene is viable (11), suggesting that the deoxyhypusine- THEMATIC MINIREVIEW: Hypusine-containing protein, eIF5A containing eIF5A, eIF5A(Dhp), can support growth in yeast. In contrast, the disruption of any of the eIF5A, DHPS, or DOHH genes leads to embryonic lethality in mice (66, 67) . Loss of DOHH is recessively lethal in Caenorhabditis elegans (68) and Drosophila (69) .
The essential requirement for polyamines in S. cerevisiae cell growth (70) was attributed to the role of spermidine in hypusine synthesis in eIF5A (71) . The question of whether hypusine formation is the most critical function of polyamines in yeast was addressed by Dr. Herbert Tabor's group in collaboration with our group (72) . The S. cerevisiae spe2⌬ mutant lacking SAM decarboxylase, and thereby spermidine biosynthesis, could grow at a nearly normal rate when cellular spermidine was ϳ0.2% of that in the parental strain (72) . In the WT strain, only ϳ1.4% of cellular spermidine was converted to hypusine in eIF5A. However, increasing portions of total cellular spermidine (as much as ϳ50%) were mobilized for hypusine synthesis in the spe2⌬ mutant, as spermidine became severely limiting (72) . This finding indicates that hypusination of eIF5A is the most critical function of polyamines in yeast cell growth.
In contrast to S. cerevisiae, mammalian cells depend on a high level (millimolar) of intracellular polyamine for cell proliferation. A decrease in either the polyamine or hypusinated eIF5A level independently led to a significant inhibition of growth in FM3A cells treated with inhibitors of polyamine biosynthesis or GC7 (73) . Furthermore, a drastic inhibition of protein synthesis and cell growth was observed in 293T cells depleted of spermidine and spermine upon overexpression of a polyamine catabolic enzyme, spermidine spermine acetyltransferase 1, before any significant decrease in hypusinated eIF5A was detected (74) . Polysome profiles of these polyamine-depleted 293T cells and also of DFMO-treated NIH3T3 cells (75) showed loss of polysomes, suggesting a block in translation initiation in these polyamine-depleted cells.
Evidence for the indispensability of eIF5A hypusination in mammalian cell growth was first reported in L1210 cells depleted of spermidine by treatment with 5Ј-([(Z)-4-aminobut-2-enyl]methylamino)-5Ј-deoxyadenosine (AbeAdo), an inhibitor of SAM decarboxylase (76, 77) . Cytostasis in the AbeAdotreated cells could be reversed by spermidine, spermine, or the polyamine analogs that function directly or indirectly as a precursor for hypusine or a hypusine analog (76, 77) . Consistent with these results, in DU145 cells depleted of spermidine by treatment with ␣-DFMO (␣-difluoromethylornithine, an irreversible inhibitor of ornithine decarboxylase), long-term growth could be supported only by the polyamine analogs that could be converted to hypusine in eIF5A (78) . However, the early acute phase of growth inhibition could be rescued by several nonnatural polyamine analogs.
The role of spermidine in deoxyhypusine/hypusine modification is vital for cell growth in both yeast and mammalian cells. A question arises then as to why there is a huge difference (several hundred-fold) in the minimum polyamine requirement between the yeast and mammalian cells. In the cellular environment, polyamines and Mg 2ϩ bind to ATP, DNA, RNA, and ribosomes and thereby contribute to the regulation of macromolecular synthesis. The ability of the yeast mutant strains to grow with drastically reduced cellular polyamines 4 appears to be due to the substitution of polyamines by increased cellular Mg 2ϩ . In contrast to yeast, mammalian cell growth is sensitive to a reduction in cellular polyamine levels, probably because such a Mg 2ϩ -dependent compensatory mechanism does not operate in mammals. Thus, mammalian cells rely on the intricate mechanisms of polyamine homeostasis to sustain normal cell growth.
Mode of action of eIF5A in translation
Eukaryotic translation initiation factor 5A (old nomenclature, IF-M2B␣; renamed to eIF-4D and then to eIF5A) was initially isolated from rabbit reticulocyte ribosomes and was classified as an initiation factor, based on its stimulating activity on methionyl-puromycin synthesis (79, 80) , a model assay for the first peptide bond formation. The hypusine residue was shown to be important for eIF5A activity in this assay; the unmodified eIF5A precursor was inactive (12, 15) , whereas the deoxyhypusine-containing eIF5A was partially active in this assay (13) . Furthermore, the eIF5A mutant with Ala or Arg substitution at the hypusine modification site (K51A or K51R in the yeast eIF5A) fails to support growth of yeast (14, 24), indicating the vital importance of hypusinated eIF5A in eukaryotic cell growth. The precise role of eIF5A in translation initiation remained questionable, as it did not enhance various steps leading to the formation of the 80S initiation complex (17) . However, definitive evidence for its role in elongation was provided by an increase in the polysome fraction and in the ribosome transit time upon depletion of eIF5A in the S. cerevisiae mutant strains (81, 82) .
New insights into the mechanism of eIF5A action have been gleaned from studies of EF-P (for reviews, see Refs. [17] [18] [19] . During translation elongation, peptide bond formation between the acceptor, aminoacyl-tRNA (A-tRNA), and the donor, peptidyl-tRNA (P-tRNA), does not occur easily at certain amino acids, such as proline and glycine, that are poor substrates for peptide bond formation, resulting in a drop-off of the P-tRNA from ribosome or ribosome stalling. Groundbreaking studies from two laboratories (83, 84) demonstrated the role of EF-P in alleviating ribosome stalling at the proline repeats. Gutierrez et al. (85) also reported evidence that eIF5A similarly stimulates peptide bond formation at consecutive proline sequences in S. cerevisiae. Additional evidence for the importance of eIF5A in translation of polyproline proteins was reported in T. brucei (86) . Recent ribosome profile data demonstrate that eIF5A works more generally at many ribosome-stalled sites and that it also enhances translation termination (87, 88) . The cryo-EM of yeast eIF5A bound to 80S ribosome (89) revealed the binding of eIF5A between the P-tRNA site and exit tRNA site, adjacent to the P-tRNA (Fig. 4) . The hypusine side chain contacts the A76 of the CCA-end of the P-tRNA. Based on these findings, a model was proposed in which eIF5A facilitates peptide bond formation by stabilizing and orienting the CCA-end of the P-tRNA ( Fig. 4 ) and its nascent peptide chain. The crystal structure of the eIF5A-yeast 80S ribosome complex suggests a possible connection between eIF5A-ribosome association and the conformational changes of the ribosome during protein synthesis (90) . The hypusination of eIF5A not only confers its activity in translation elongation and termination, but also dictates its subcellular localization in the cytoplasm (91), the proper compartment for protein synthesis, with the aid of the nuclear export factor, exportin 4, which recognizes the hypusinated form of eIF5A (92) .
eIF5A isoforms and human diseases
Different organisms express different sets of closely related eIF5A isoforms. In mammals, there are two isoforms of eIF5A, eIF5A-1 and a highly similar eIF5A-2 (93, 94) . eIF5A-1 (referred to as eIF5A) is the major protein constitutively expressed in all cells and tissues, whereas the eIF5A-2 protein is not normally detectable. High expression of eIF5A-2 was reported in certain cancer cells or tissues (95) , and the eIF5A isoforms have been associated with human cancers (for reviews, see Refs. 44 and 96) . eIF5A has been implicated in several other pathological conditions, including diabetes (97) and HIV-1 and retroviral infection (54, 55) . Recent human genetic data from exome sequencing reveal the association of defects in the hypusine pathway with human disease. 5 In five patients with a neurodevelopmental disorder, four independent biallelic variants in the DHPS gene were identified; three variants result in lack of or inactive DHPS, and a fourth variant results in a drastically reduced DHPS activity. Combination of one inactive allele with a partially active allele led to clinical phenotypes in these patients, suggesting pathogenesis due to defects in eIF5A hypusination. Furthermore, similar clinical phenotypes were observed in individuals carrying chromosome deletions in the 17p.13.1 region (98), which encompasses the EIF5A gene, supporting the importance of eIF5A in human brain development.
Conclusions
The primary function of polyamines in mammalian cell growth is to promote translation initiation mediated by polycations and to promote translation elongation and termination mediated by hypusinated eIF5A. Hypusine synthesis clearly defines a most critical function of polyamines in eukaryotic cell proliferation and provides a solid connection between polyamines and cell growth/animal development, through the eIF5A-mediated regulation of translation. It is intriguing that hypusine modification occurs exclusively in a single protein, eIF5A. Why did nature devise such an elaborate mechanism involving two novel enzymes, DHPS and DOHH, to modify and activate just one protein? Structures of ribosome-bound eIF5A show the long, polyamine-derived, basic side chain of hypusine, reaching the peptidyl transferase center, suggesting its role in stabilizing P-tRNA and facilitating peptide bond formation at stalled ribosomes.
Whereas EF-P, aIF5A, and eIF5A represent universally conserved translation factors with significant structural and functional similarities (17) (18) (19) , their specificity, function, and essentiality appear to have diverged during evolution. Whereas EF-P exhibits strong specificity toward proline repeat motifs, including PPP or PPG, eIF5A acts more generally at a broad range of ribosome-pausing sites to enhance elongation, and it also stimulates translation termination. EF-P or its ␤-lysylation enzymes are not essential for basal bacterial growth but are necessary for bacterial fitness, survival under stress conditions, or virulence (18) . Only eIF5A and DHPS are essential in archaea and yeast, whereas eIF5A, DHPS, and DOHH are all required in higher eukaryotes. Thus, the stringent requirement for the hypusinated eIF5A seems to have evolved in higher eukaryotes with greater complexities of their genome and proteome. It is interesting that the frequencies of typical ribosome stalling motifs, such as PPP or PPG (potential targets of EF-P and eIF5A), have increased dramatically in proteomes of higher organisms (99) . In this regard, it is tempting to speculate that the function of eIF5A has evolved to meet the demand to opti- translation (B) . A, eIF5A (red; PDB code 5GAK), is bound to the 80S ribosome at the exit tRNA site adjacent to the P-tRNA (green; PDB code 5GAK). The A-tRNA is shown in blue (PDB code 5GAK). The hypusine side chain is indicated by a bright red arrow. B, the hypusine side chain of eIF5A (red) contacts A76 of the CCA end of P-tRNA to stabilize it and its nascent peptide chain and also promotes interactions between the ribosomal protein uL16 with both A-and P-tRNA and thereby stimulates peptide bond formation (modified from Ref. 89 ).
THEMATIC MINIREVIEW: Hypusine-containing protein, eIF5A mize translation rate by relieving a broad range of ribosome stalling and also by enhancing termination in higher eukaryotes (87) .
Considering that eIF5A is generally abundant and stable in mammalian cells, it is curious that haploinsufficiency of eIF5A (98) or certain mutations in DHPS are associated with a rare human neurodevelopmental disorder. 5 It is possible that some factors important for brain development become limiting when the level of active eIF5A or DHPS is reduced. However, the association of a neurological disorder may not be unique to eIF5A, as multiple neurological disorders have been linked to mutations in other genes encoding the translation machinery, suggesting an exceptional sensitivity of neurons to translational defects or errors (63) . Future efforts will be directed toward elucidation of the cellular and molecular pathways linking deficiency in eIF5A and DHPS to neurodevelopmental disorders.
